The replication of plus-strand RNA virus genomes is mediated by virally encoded RNA-dependent RNA polymerases (RdRps). We have investigated the role of the C-proximal region in the RdRp of tomato bushy stunt virus (TBSV) in mediating viral RNA synthesis. TBSV is the prototype species in the genus Tombusvirus, family Tombusviridae, and its RdRp is responsible for replicating the viral genome, transcribing two subgenomic mRNAs, and supporting replication of defective interfering RNAs. Comparative sequence analysis of the RdRps of tombusvirids identified three highly conserved motifs in their C-proximal regions, and these sequences were subsequently targeted for mutational analysis in TBSV. The results revealed that these motifs are important for (i) synthesizing viral genomic RNA and subgenomic mRNAs, (ii) facilitating plus-and/or minus-strand synthesis, and (iii) modulating trans-replication of a defective interfering RNA. These motifs were also found to be conserved in other plant viruses as well as in a fungal and insect virus. The collective findings are discussed in relation to viral RNA synthesis and taxonomy.
R
eplication of the genomes of plus-strand RNA viruses is mediated by virally encoded RNA-dependent RNA polymerases (RdRps) (1) . RdRps are translated shortly after infection and associate with other viral or host proteins to assemble into RNA replication complexes (RCs) (2) . These RCs are responsible for synthesizing complementary minus strands of the genomes that are then used as the templates for production of plus-strand progeny genomes (2) . In some viruses, these RCs are also responsible for synthesizing viral subgenomic (sg) mRNAs that are required for expression of other viral proteins (3) . Viral RdRps of animal viruses have been the focus of many functional studies, and there are atomic structures available for several viruses (4) . In contrast, much less is known about the RdRps of plant viruses (5) .
The genus Tombusvirus (6) is the prototype member of the family Tombusviridae, which currently contains 11 other genera (7) . Tombusviruses are among the best-characterized plus-strand RNA plant viruses (6) , and a great deal has been learned about viral RNA synthesis in terms of both the RNA elements required and the protein factors involved (8) (9) (10) (11) (12) . The prototype tombusvirus is tomato bushy stunt virus (TBSV), which encodes two viral proteins critical for viral RNA synthesis. p33 is an accessory replication protein, and p92, its readthrough product, is the RdRp (13, 14) . The N-terminal one-third of p92 is identical to p33, due to its coding and expression strategy (Fig. 1A) . This shared portion in the two proteins has been extensively studied and contains regions important for many different functions, including organelle targeting, membrane anchoring, p33-p33 and p33-p92 interactions, RNA binding, etc. (9) . The nonoverlapping region of p92 harboring the RdRp activity is less well understood functionally. This segment contains the canonical RdRp amino acid motifs that are highly conserved in RdRps (15) . One of these motifs, motif VI, containing the GDD triplet, was confirmed via mutational analysis to be important for efficient genome replication of the tombusvirus artichoke mottled crinkle virus (16) . Additionally, two RNA-binding domains, termed RNA-binding region 2 (RBR2) and RBR3, have been defined within this section; RBR2 is located internally, while RBR3 is positioned C proximally (Fig. 1B) (17) . The C terminus of p92 also harbors a C-terminal (Ct) motif that is essential for sg mRNA transcription but dispensable for genome replication (18) (Fig. 1B ). p92 interacts with p33 and a variety of host factors to form a viral RC that is responsible for mediating various steps in the RNA replication process (9) .
In addition to directing viral genome replication and the transcription of two sg mRNAs (Fig. 1A) , tombusvirus RCs support the replication of two different classes of subviral replicon. Defective interfering (DI) RNAs represent the first type. DI RNAs are deletion mutants of the tombusvirus genome that maintain small segments harboring RNA replication elements (Fig. 1A) (19) . These highly truncated replicons are noncoding and thus rely on p33 and p92 provided from their parental (or helper) genome for replication. This type of viral RNA amplification is referred to as trans-replication, because the required viral replication proteins are provided by a different RNA. Tombusvirus satellite RNAs (satRNAs) represent the second class of trans-replicated subviral replicon that requires p33 and p92 provided by a helper tombusvirus genome (20) . In contrast to DI RNAs, satRNAs share little sequence identity with their helper genomes; nonetheless, they are recognized and amplified by tombusvirus RCs (21) .
In this study, we investigated the roles of motifs in the C-proximal region of TBSV p92 that are conserved in all tombusvirids. Our results point to important roles for these motifs in genome replication, sg mRNA transcription, and DI RNA amplification. Additionally, we show that these motifs are also conserved in other plant, fungal, and insect viruses.
MATERIALS AND METHODS
Sequence analysis. All RdRp amino acid sequences were obtained from the UniProtKB database (http://www.uniprot.org). Multiple sequence alignments were conducted using ClustalX from the European Bioinformatics Institute's website (http://www.ebi.ac.uk); default values were used for each of the relevant parameters. Sequence accession numbers for the viral proteins used are provided in Fig. S1 in the supplemental material.
A motif search for the 19-amino-acid (aa) motif was performed using the online search engine available from GenomeNet (http://www.genome .jp/). The motif search tool (http://www.genome.jp/tools/motif/MOTIF2 .html) was used to query the KEGG VGENES database for the peptide R-x-S-[F or Y or W]-x-x-x-x-x-x-x-x-x-x-Q-x-x-x-E, where x is any amino acid.
Viral constructs. The full-length infectious TBSV cDNA clone (T100) has been described previously (22) , and all replicating genomic mutants were derived from this construct. Nonreplicating mutants were generated from a defective T100 cDNA containing a lethal C-to-G substitution in an essential RNA replication element located in region II of the viral genome (23) . The DI RNA and satRNA used (i.e., DI-72 and Sat181) have also been described previously (24, 25) . Standard overlapping PCR-based mutagenesis was used to introduce substitutions into the open reading frame of the TBSV RdRp (p92) in both replicating and nonreplicating versions of the TBSV cDNA. All clones were sequenced over the PCR inserts to ensure that only the intended modification was present.
In vitro transcription. Infectious viral transcripts were generated by in vitro transcription of SmaI-linearized clones as described previously (13) . Transcript concentrations were determined using spectrophotometry, and transcript integrity was verified by agarose gel electrophoresis.
Isolation and transfection of protoplasts. Protoplasts were prepared using 6-to 7-day-old cucumber cotyledons as described previously (24) . Isolated protoplasts were transfected using polyethylene glycol-CaCl 2 according to the protocol with 5 g of genomic T100 transcripts and, in coinoculations with subviral replicons, 1 g of either DI RNA or satRNA (24) . Inoculated protoplasts were incubated under constant light for 22 h in a growth chamber at 22°C.
Analysis of viral RNA accumulation. Total nucleic acids were extracted from protoplasts as described previously (24) . For viral RNA analysis, 1.5-g aliquots of total nucleic acids were separated in 1.4% agarose gels, followed by electrophoretic transfer to nylon membrane. For minus-strand detection, total nucleic acids were treated with glyoxal prior to electrophoresis (26) . Northern blot detection of authentic viral and DI RNA plus and minus strands were performed using strand-specific 32 P-labeled probes as described previously (26, 27) . Radioanalytical quantification of viral RNA accumulation was carried out using a PharosFX Plus Molecular Imager (Bio-Rad) and QuantitiyOne Software (Bio-Rad). Experiments were repeated at least three times and quantified with standard errors.
RESULTS
Identification of conserved motifs in the carboxy-proximal region of RdRps in Tombusviridae. Sequence comparison of the RdRps of viruses in Tombusviridae revealed the presence of three conserved motifs that were located downstream of the canonical RdRp motifs (i.e., motifs I to VIII) (15) (Fig. 1C ; see also Fig. S1 in the supplemental material). The first motif was located immediately C proximal to core motif VIII and was composed of two completely conserved amino acids (K and D); consequently, it was termed the KD motif ( Fig. 1B and C) . The second motif encompassed 15 residues, several of which were highly conserved, and was termed the 15-amino-acid (15-aa) motif. The third motif, called the 19-aa motif, was located closest to the C terminus and contained a number of invariant residues. Based on the observed conservations, we set out to investigate the possible roles of these newly defined C-proximal motifs in virus reproduction.
Functional analysis of the KD and 15-aa motifs. To assess the function of residues in the KD and 15-aa motifs, substitutions of selected conserved amino acids were made in an infectious clone of TBSV ( Fig. 2A) . Wild-type (wt) T100 and mutant TBSV genomes were transfected into protoplasts, and viral genome replication and sg mRNA transcription were monitored via Northern blotting (Fig. 2B) . Total RNA was extracted at 22 h postinfection, a time point when viral RNA accumulation in wt infections is subsaturating. Absolute accumulation values of the genomic RNAs were compared, whereas, for sg mRNAs, the ratios of sg mRNA levels to their cognate genomic RNA levels were compared. Replacement of either the K or D residue in the KD motif with alanine (mutants CG1 and CG2) dramatically reduced the levels of viral plus strands, and replacement of both with alanine (mutant CG3) abolished RNA synthesis ( Fig. 2B and C) . However, for CG1 (K¡A), the relative level of plus-strand sg mRNA2 was near wt levels and all minus strands were readily detectable. Similarly, the minus strands for CG2 (D¡A) were also detectable, but to a lesser degree. Accordingly, the defects in CG1 and CG2 appeared to affect primarily plus-strand production. In contrast, the double substitution in CG3 (KD¡AA) effectively inhibited accumulation of all strands. Transposing the oppositely charged residues in CG4 (KD¡DK) also effectively reduced accumulation; however, low levels of minus strands were still evident.
In the 15-aa motif, the N-terminal glycine is conserved in all genera of Tombusviridae, except in dianthoviruses, where this residue is N (see Fig. S1 in the supplemental material). Substitution of the G in TBSV with a bulkier L (CG5) or secondary-structuredisrupting P (CG6) substantially reduced or eliminated viral RNA accumulation, respectively ( Fig. 2B and C) . However, compared with relative sg mRNA levels, the viral genome for CG5 appeared to be preferentially inhibited at the plus-strand level. The substitution in CG7 (L¡A) reduced plus-strand genomic and sg mRNA1 levels to ϳ60% and ϳ40%, respectively, and sg mRNA2 levels were reduced to near zero for strands of both senses. When the absolutely conserved proline was replaced with A (CG8) or the smaller G (CG9), the A was well tolerated, whereas the G preferentially inhibited the genome and sg mRNA2 at the plus-strand level. Results similar to the last were also observed for CG10, in which the adjacent V was replaced with A. Finally, tandem substitution of the C-proximal aromatic residues in CG11 (FY¡AA) abolished viability. Collectively, this mutational analysis revealed that both the KD and 15-aa motifs contain residues important for mediating the accumulation of different viral RNAs and that critical roles are played by the D, G, and tandem FY residues.
Functional analysis of the 19-aa motif. Similar mutational analyses involving substitutions were also performed on selected residues in the 19-aa motif (Fig. 3A) . Replacement of the completely conserved R in KJ1 (R¡A) preferentially reduced the levels of genome and sg mRNA2 ( Fig. 3B and C) . Similar effects were also observed by replacing the invariant S in KJ2 (S¡A); however, genome levels were less affected. Changing the aromatic residues in KJ3 (F¡A), KJ4 (W¡A), or KJ5 (F¡A) reduced genome levels by approximately one-quarter and sg mRNA2 levels by about onehalf. However, in all three cases, the relative levels of sg mRNA1 were similar to that of wt or slightly higher. Sequential replacements of moderately conserved residues in KJ6 (G¡A), KJ7 (D¡A), and KJ8 (E¡A) resulted in near-wt levels of all viral RNAs. Replacement of the completely conserved Q in KJ9 (Q¡A) eliminated viral accumulation, while substitution of A for the invariant E in KJ10 (E¡A) was well tolerated. Overall, the results of the mutational analysis of the 19-aa domain suggest a central role in sg mRNA2 production, as 7 of the 10 mutants preferentially affected this viral RNA (i.e., KJ1 to KJ5, KJ7, and KJ10). Also, in contrast to expectations based on preservation, replacement of two of the four invariant residues, i.e., S in KJ2 and E in KJ10, had relatively minor effects on virus viability in protoplasts.
Comparison of motif functions. For all three motifs (KD, 15-aa, and 19-aa), defects that either abolished all viral accumulation or preferentially reduced certain viral RNAs were observed. Interestingly, the level of inhibition for many of the mutants in the KD and 15-aa motifs appeared to occur primarily at the plus-strand level (i.e., CG1, CG2, CG4 to CG7, CG9, CG10), because their relative minus-strand levels notably exceeded those of their cognate plus strands. In contrast, the defects from modifications in the 19-aa motif were associated with nearly equivalent levels of reduction in both plus and minus strands, indicative of inhibition mainly at the level of minus-strand production. Together, the results from the analyses of all three motifs in the TBSV RdRp point to fundamental roles for these elements in the production of different viral RNAs at both the plus-and minus-strand levels of synthesis, as summarized in Fig. 4 .
Viral defects are not due to alterations in genomic cis-acting RNA elements. The TBSV genome is rich in functional cis-acting RNA elements, many of which reside in coding regions (10) (11) (12) . Thus, the possibility exists that the defects observed in some mutants were not the result of interference with RdRp activity but instead were due to disruption of important genomic regulatory RNA elements. To investigate this possibility, we employed a trans-replication system in which p33 and p92, expressed from a nonreplicating TBSV genome, mediate amplification of a coinoculated noncoding viral replicon: in this case, a TBSV DI RNA (14) . The nonreplicating TBSV genome, nT100, contains a lethal C-to-G substitution in an essential RNA replication element (RII-SL) in the viral genome (23) . In this system, the nonreplicating genome acts only as an mRNA and the activity of the encoded replication proteins is determined, independent of genome replication, via monitoring DI RNA amplification. If the relative level of DI RNA replication by a nonreplicating genome containing a certain RdRp mutation is equivalent to or lower than that observed for a replicating genome containing the same mutation, then it can be deduced that the defect is not related to a cis-acting RNA element in the genome. However, if the relative level of the DI RNA exceeds the corresponding relative genome level, then there is a possibility that the defect is related to disruption of a genomic RNA element.
Representative mutations from each of the three motifs were introduced into a nonreplicating TBSV genome (prefixed with "n") and cotransfected with a DI RNA replicon into protoplasts.
The relative levels of DI RNA accumulation were then determined and compared with the relative levels of the genomes of corresponding replicating genomic mutants (Fig. 5) . In all cases, the relative DI RNA levels did not exceed those of their corresponding genomic levels, indicating that disruption of genomic RNA elements was not responsible for any of the defective phenotypes ( Fig. 5B and D) . In most cases, there was relatively good correlation between the two levels; however, for nKJ5, nKJ1, nCG8, and nCG7, the DI RNA levels were substantially lower than their corresponding genome levels, i.e., 3-fold, 4-fold, 12-fold, and 30-fold, respectively (Fig. 5B and D) . Thus, for these mutants, it appeared that the modifications in their RdRps significantly decreased their ability to trans-replicate the DI RNA.
A mutation in the 15-aa motif of the RdRp inhibits viral RNA replication in trans. The CG7 mutant, which contained an L¡A substitution in the 15-aa motif, was selected for further investigations because it exhibited the largest reduction of transreplication of the DI RNA (i.e., 30-fold). We first wanted to determine if the trans defect also occurred with a replicating helper genome containing the same substitution. To this end, the replicating genomic CG7 mutant was cotransfected with a DI RNA into plant protoplasts and the level of DI RNA amplification was monitored (Fig. 6) . Compared with coinoculations with the wt T100 genome, the relative levels of DI RNA accumulation with CG7 were 50-fold less (Fig. 6A ). This value is comparable to the 30-fold difference seen with the nonreplicating nCG7 genome (Fig. 5A and B) ; therefore, the trans defect was not related to the inability of the helper genome to replicate. Interestingly, the CG7 plus DI RNA coinfection resulted in high levels of accumulation of DI RNA dimer, which was negligible in the wt T100 plus DI RNA coinfection (Fig. 6A) . Accordingly, in addition to severely reducing the accumulation level of monomeric DI RNA, the L¡A substitution also greatly enhanced the production of the dimeric form. Examination of DI RNA minus strands revealed low levels in the CG7 coinfection, which were comparable to those for the plus strands (Fig. 6B) , suggesting a defect at the level of minusstrand production.
Importance of L721 in the 15-aa motif for trans-replication of DI RNA and satellite RNA. To gain additional insights into the structural requirements for residue 721 of the TBSV RdRp, which is the site of the L¡A substitution in CG7, additional replacements were made at this position. In tombusvirids, this residue is occupied most frequently by L (ϳ68%) and to a lesser extent by I (ϳ28%) or M (ϳ4%). Four additional substitutions were made in the wt TBSV genome, which converted L to G (CG-G), V (CG-V), I (CG-I), or M (CG-M) (Fig. 7A ). These mutants, as well as wt T100 and CG7, were then tested for replication in protoplasts (Fig. 7A) . CG-I exhibited wt levels of viral RNA accumulation, while CG-7, CG-V, and CG-M yielded intermediate levels. The L¡G substitution in CG-G was extremely detrimental, resulting in only trace amounts of the genome (Fig. 7A) . These results indicate that the L 721 position in the RdRp is relatively tolerant of different-sized R groups composed of nonpolar hydrocarbon chains but has a minimum requirement of a methyl moiety.
The same genomes were then used in coinoculations with either DI RNA or SatRNA to determine their effects on transreplication of these distinct subviral replicons. DI RNA amplification was reduced to between ϳ25 and 55% of that of wt for mutants CG-V, CG-I, and CG-M and was undetectable for CG-G (Fig. 7B) . A similar accumulation profile was also observed for the satRNA, except for CG-7, where the level was ϳ20% for SatRNA (Fig. 7C) , compared with ϳ4% for DI RNA (Fig. 7B) . Thus, with the exception of CG-7, the effects of the RdRp mutations on trans-replication were very similar for the DI RNA and satRNA.
DISCUSSION

Roles of the RdRp carboxy-proximal motifs in virus replication.
Analysis of the conserved motifs in the carboxyl region of the TBSV RdRp revealed important roles for many of the residues therein. These functions were related to (i) the production of specific viral RNAs, (ii) facilitating plus-and/or minus-strand syn- large (red), in which relative accumulation levels were between 0 to 33% of that of wt; medium (blue), levels between 34 to 66% of wt and; small (black), levels greater than 67% of wt. thesis, and (iii) modulating trans-replication. Previous analysis of the C-proximal region of the TBSV RdRp revealed that a segment encompassing the last ϳ131 aa, termed RBR3, possesses RNAbinding activity (17) . RBR3 overlaps all three of the newly characterized motifs (Fig. 1B) ; thus, the function of these motifs may be linked to the ability of the RdRp to interact with viral RNA templates. Additional studies will be necessary to determine if the observed motif-based defects are related to perturbation of the RNA-binding function of RBR3 or are independent of this activity.
Different viral RNAs were affected by modifications in the three motifs, indicating that the C-proximal region of the RdRp is involved in controlling production of both genomic and sg RNAs. For the 19-aa motif, sg mRNA2 was preferentially affected in many mutants (Fig. 3) . This motif is located just upstream from the Ct motif, in which the five C-terminal residues are known to be essential for sg mRNA2 transcription but dispensable for genome replication (18) . Accordingly, there may be cross talk between the 19-aa and Ct motifs that leads to the observed sg mRNA2 defects. Biased sg mRNA2 reduction was also seen for certain modifications in the 15-aa motif (e.g., CG7 [ Fig. 2]) ; thus, at least three different motifs (19-aa, 15-aa, and Ct) are able to preferentially affect sg mRNA2 levels. Conversely, sg mRNA1 was not inhibited by many of the mutations that reduced sg mRNA2 (Fig. 3) , suggesting that although both sg mRNAs are produced via a premature termination mechanism (28, 29) , each has specific RdRp requirements. In addition to possessing determinants for transcription, all motifs also contained residues that were absolutely essential for production of all viral RNAs, indicating that these elements govern both specific and general functions related to viral RNA synthesis.
Another interesting finding from this study was that the replication defects resulted from inhibition of either plus-or minusstrand synthesis. Several of the KD and 15-aa motif mutants showed substantial inhibition at the plus-strand level (e.g., CG1, CG2, CG9, and CG10 in Fig. 2 ). Similar biased suppression of positive strands in protoplast infections has also been observed in genomic mutants of potato virus X (30) and brome mosaic virus RNA3 (31) . In contrast, most of the mutations in the 19-aa motif of TBSV were defective at the minus-strand level (Fig. 3) . The specificity for a particular strand sense, as well as for production of certain viral RNA species, could be related to perturbation of intrinsic RdRp activity, that is, an effect independent of other proteins. Alternatively, these motifs could mediate RdRp interactions with other proteins that are involved in regulating these properties. Several host proteins have been found to be involved in minus-and/or plus-strand synthesis and are present in complexes with p92 (8, 9, 32) . Accordingly, the functional motifs in the Cproximal region of the RdRp could facilitate interactions with such factors. Currently, two host proteins are known to be part of the tombusvirus RC (33, 34) and to interact directly with the unique C-proximal two-thirds in p92 (35) . One is eEF1A, and the other is the DBP3/AtRH5 DEAD box RNA helicase (33, 35) . The former facilitates minus-strand synthesis (36) , while the latter promotes plus-strand production (33) . Consequently, the strandspecific phenotypes observed for mutants of the p92 C-proximal motifs could potentially be related to disruption of functional interactions with these host proteins.
Cis-versus trans-replication in tombusviruses. An interesting property of tombusviruses is their ability to support the replication of different subviral replicons, namely, DI RNAs and satRNAs (20) . Normally, in coinfections, TBSV is able to amplify prototypical DI RNAs very efficiently; however, our CG7 mutant was not able to do so (Fig. 6 ). This DI RNA-resistant mutant also showed a 5-fold reduction in its ability to amplify a satRNA (Fig.  7) , indicating a general deficiency in trans-replication of subviral replicons. Previous studies of tombusviruses have identified the N terminus of p33 and an internal region in this protein as determinants that specifically reduce the amplification of satRNAs (37, 38) . However, because these regions are present in both the prereadthrough p33 accessory replication protein and readthrough p92, it is unclear in which protein the modifications exerted their effects. Also, these modifications did not alter the ability of the mutant genomes to amplify DI RNAs (38) . Thus, our CG7 mutant represents the first DI RNA-resistant phenotype observed in tombusviruses and, to our knowledge, in any plant virus. In addition to inefficiently amplifying the DI RNA, the CG7 mutant also generated approximately equivalent amounts of monomer and dimer forms. Since the dimer is not normally produced at such high relative levels, this modification seems to have also reduced the ability of the RdRp to preferentially select monomer DI RNA templates for replication and/or enhanced its recombination activity that generates the dimer.
DI RNAs can accumulate de novo during serial passage of tombusviruses at a high multiplicity of infection (39) . This is believed to be a consequence of recombination or deletion events leading to the formation of the DI RNAs and their subsequent amplification by RdRp supplied in trans by the helper virus (40) . Our CG7 mutant may be less disposed to the de novo accumulation of DI RNAs, as any prototypical recombinants generated would not be efficiently amplified. However, alternative DI RNAs, which are compatible with the CG7 mutant, could potentially arise. Genomic mutants defective in DI RNA amplification have been reported for the animal plus-strand RNA virus Sindbis virus (41) , as well as the negative-strand RNA virus vesicular stomatitis virus (VSV) (42); however, evidence implicating modifications in the RdRp as the cause of these phenotypes was provided only for VSV (43) . In the case of TBSV CG7, both minus and plus strands of the DI RNA were very efficiently inhibited, pointing to a minusstrand defect at the core of the DI RNA resistance (Fig. 6) . In contrast, cis-replication of the CG7 genome yielded near-wt levels of minus strands and plus-strand accumulation at ϳ60% of that of wt (Fig. 2 ). This notable difference between trans-and cis-replication illustrates that DI RNAs may not always be accurate surrogate replicons for indirect assessment of genome replication.
Mutant full-length TBSV genomes that do not express either p33 or p92 cannot be complemented for replication by providing the missing viral protein in trans (13; our unpublished data). This indicates that replication of this viral genome is cis-preferential and thus requires replication proteins to be translated directly from the genome that is to be replicated. This type of mechanism was recently confirmed to occur in tobacco mosaic virus, where it was shown that the 126-kDa replication protein, while being translated, binds directly to the 5= untranslated region (5= UTR) of its cognate genome (44) . For TBSV, its associated DI RNAs and satRNAs have somehow escaped the restriction of cis-replication, which is likely due to the absence, in these replicons, of regulatory genomic RNA elements that control this process. The inhibition of DI RNA replication at the minus-strand level with mutant CG7 implies that the modified RdRp cannot effectively utilize the plus strand as a template for RNA synthesis. In turn, this suggests that the way the RdRp normally engages the full-length genome versus the DI RNA is distinct, in terms of either the RNA-directed assembly of the RC or the initiation of minus-strand RNA synthesis. Additional studies will be required to identify the mechanism responsible for the observed inhibition of trans-replication in CG7.
Prevalence of the carboxy-proximal motifs in tombusviridlike RNA viruses. The conservation and confirmed functional importance of the three motifs prompted us to search for additional viruses that may harbor these protein signatures. We found that members of the genus Umbravirus and the provisional genus Pelarspovirus, both of which will likely be assigned to the family Tombusviridae in the future, contained all three motifs (Fig. 8A) . Members of the genus Luteovirus, assigned to the family Luteoviridae, also harbored the motifs (Fig. 8A) . It has been suggested, based on similarities with tombusvirids, that luteoviruses may be a better fit in the family Tombusviridae (45), and our results lend support to this notion.
Our search also revealed that the carboxy-proximal motifs are conserved, albeit to different degrees, in two other plus-strand RNA viruses, the insect virus Providence virus (PrV; genus Alphacarmotetravirus, family Carmotetraviridae) and a fungal virus, Diaporthe ambigua RNA virus (DaRV; genus and family unassigned) (46, 47) . Like all tombusvirids, both of these viruses translate a prereadthrough accessory replication protein and a readthrough RdRp, and sequence similarities between these RdRps and those of tombusvirids have been noted previously (46, 47) ; however, the relevance of the three motifs investigated here was not addressed. For DaRV, all four invariant residues in the 19-aa motif were maintained (i.e., RxSxxxxxxxxxxxQxxxE), whereas PrV retained all but the S (Fig. 8A) . The completely conserved P near the center of the 15-aa motif was also present in both of these viruses (Fig. 8A) . Additional positions in these motifs were conserved at levels close to those in the other comparative genera (Fig.  8A) , suggesting a similar level of functional importance. In contrast, only the K of the invariant KD motif was present in PrV and neither residue was conserved in DaRV (Fig. 8A) . Since the KD residues in TBSV are highly functionally relevant (Fig. 2) , these diverged viruses must have relaxed requirements for this particular motif.
As with all tombusvirids, PrV transcribes an sg mRNA and encodes a coat protein that forms icosahedral capsids (46); conversely, DaRV does neither (47) . Also of relevance is the observation that terminal nucleotides in both of these RNA genomes conform to those of carmovirus-like tombusvirids, with two to three G's at the 5= end followed by several A/U's (48), or of most tombusvirids, with three consecutive C's at the 3= end ( Fig. 8B and C ) (49) . Additionally, DaRV contains typical RNA secondary structures at its 3= terminus that are found in tombusvirids (i.e., terminal and internal stem-loop structures), including a conserved tertiary interaction between the 3=-terminal sequence and the bulge in an upstream stem (49) (Fig. 8B) . For PrV, the 5=-terminal sequence of the sg mRNA is identical to that of the genome, which is another common feature in tombusvirids (10) (Fig. 8C ). Therefore, both of these viruses, one an insect virus and the other a fungal virus, contain protein and RNA elements characteristic of the family Tombusviridae, which currently contains only plant viruses. Accordingly, based on the presence of these defining viral features, it may be worth considering both PrV and DaRV for adoption into the family Tombusviridae.
